Transcriptional regulation of the sodA gene, a member of the soxRS regulon encoding the manganesecontaining superoxide dismutase (MnSOD; superoxide:superoxide oxidoreductase, EC 1.15.1.1) of Escherichia coli, was examined in a variety of regulatory mutants. Diamide, an oxidant that causes the anaerobic biosynthesis of the MnSOD polypeptide and also facilitates insertion of manganese at the active site, was found to anaerobically induce MnSOD in both soxRS and fur arcA fnr strains. Metal chelating agents also caused anaerobic induction of MnSOD in afur arcA fnr triple mutant; however, this induction of MnSOD and of glucose-6-phosphate dehydrogenase (G6PD) by 1,10-phenanthroline was dependent on an intact soxRS locus. A strain of E. coli bearing a fusion of the soxS promoter to lacZ was used to demonstrate that both diamide and 1,10-phenanthroline caused anaerobic activation of soxS transcription. These results indicate that (a) both diamide and 1,10-phenanthroline induce the soxRS regulon anaerobically by stimulation of soxS transcription; (ii) diamide, but not metal chelators, also induces MnSOD biosynthesis by a soxRS-independent mechanism, perhaps mediated by effects onfur, arcA, orfnr-mediated repression ofsodA; and (iii) the soxRS locus contains a metal-binding component and is responsive to the redox status of the cell.
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those encoding MnSOD, glucose-6-phosphate dehydrogenase (G6PD), endonuclease IV, and fumarase C (5, 6, 12) .
It has been previously demonstrated that anaerobic electron sinks such as nitrate (13) (14) (15) (16) , a variety of oxidants (15, 17) , and diamide (18) (19) (20) , a thiol oxidant (21) , elicit anaerobic biosynthesis of MnSOD. Electron sinks result in anaerobic production of an inactive iron-containing MnSOD. In contrast, diamide has been shown to exert two distinct effects: anaerobic induction of the biosynthesis of the MnSOD polypeptide and facilitation of the insertion of manganese into the nascent polypeptide, resulting in active MnSOD (22) . The availability of well-characterized regulatory mutants, which express sodA under anaerobic conditions, allowed the transcriptional effect of diamide to be examined in greater detail. The results reported here suggest the existence of more than one regulator of sodA expression which is influenced by diamide. Furthermore, sodA, but not zwf (encoding G6PD), can be anaerobically induced in the absence of the soxRS locus. Diamide and metal chelators have been shown to directly activate the soxRS locus, evidence supportive of the hypothesis that SoxR is a metal-binding gene regulator that acts as an intracellular sensor for superoxide (23) or cellular redox state (12) .
The expression of sodA (MnSOD; superoxide:superoxide oxidoreductase, EC 1.15.1.1) in Escherichia coli is regulated by several distinct global control systems. These transcriptional effectors include products of the fur (1-4), arc (1, 2), fnr (2) , and soxRS (5, 6) genes. Fur protein, the product of the fur (ferric uptake regulation) gene, negatively controls transcription of several genes of E. coli involved in iron assimilation (7, 8) . The arc (aerobic respiration control) system of E. coli involves two gene products: ArcA (encoded by the arcA gene) and ArcB (encoded by the arcB gene), which belong to a family of two component signal transducing systems in which ArcB is a membrane-bound sensor and ArcA is a cytoplasmic DNA-binding regulator (9, 10) . The arc system represses the genes of aerobic respiration during anaerobic growth, and, in conjunction with Fur, negatively regulates sodA (1, 2), thus coupling sodA expression to both intracellular iron concentration and respiration. Fnr (fumarate-nitrate reduction) protein, the product of thefnr gene, is an iron-containing protein involved in anaerobic activation or repression of several genes involved in anaerobic respiration (11) . The soxRS (superoxide response) locus regulates, in a positive manner, the global response to superoxide (5, 6 mM EDTA, pH 7.8, and resuspended in 1.0 ml of this buffer. Cells were lysed by two passages through a French pressure cell at 20,000 psi (1 psi = 6.9 kPa). Lysates were clarified by centrifugation at 14,000 x g for 10 min at 4°C. Cell-free extracts were dialyzed overnight at 4°C against 500 vol of KPi/EDTA buffer, with one change ofbuffer. Protein content was estimated colorimetrically with bovine serum albumin serving as the standard (26) . SOD electromorphs were separated by electrophoresis on 7.5% polyacrylamide gels (27) and bands of SOD activity were visualized by activity staining (28) . Western blot analysis was performed as described (19) . G6PD was assayed spectrophotometrically as the G6PD-dependent reduction of NADP+ (29) . f3Galactosidase was assayed in cells permeabilized with SDS/chloroform as described by Miller (30) .
Materials. Trypticase soy broth was from Baltimore Biological Laboratories. Yeast extract was from Difco. Acrylamide, methylene bisacrylamide, gelatin, and goat anti-rabbit IgG-horseradish peroxidase conjugate were from Bio-Rad. NADP+, diamide, 1,10-phenanthroline, and 2,2'-dipyridyl were purchased from Sigma. Ultrapure FeSO4-7H2O was obtained from Aesar (Johnson Matthey Inc.). 1,7-Phenanthroline was from Alpha Products (Ward Hill, MA).
RESULTS AND DISCUSSION
Effect of Diamide on MnSOD and G6PD in soxRS Mutants. Diamide resulted in anaerobic induction of MnSOD in wildtype cells ( Fig. 1 ) as reported (19) . Mutants constitutive with respect to soxRS (JTG936) lack detectable MnSOD under anaerobic growth conditions and respond to diamide with a 3-fold increase in MnSOD compared to the parental strain. The lack of MnSOD polypeptide in the anaerobic soxRS constitutive strain, in the absence of diamide, suggests that sodA expression remains under repression control, which can be relieved by diamide. Diamide also induces MnSOD in a AsoxRS strain (DJ901), indicating that this response is not dependent on the soxRS locus. However, the somewhat diminished effect of diamide on MnSOD induction in this strain (15-20%) suggests that some component of the action of diamide is mediated by soxRS.
The response to diamide of G6PD, another member of the soxRS regulon (5, 6), was also examined. As shown in Table  1 , G6PD was anaerobically induced 2-fold by diamide in the parental strain. Anaerobically grown soxRS constitutive mutants contained elevated levels of G6PD, which remained inducible by diamide. In contrast, G6PD was not induced by diamide in the AsoxRS mutant. Thus, unlike MnSOD, the diamide-mediated induction of G6PD was dependent on the soxRS locus. These results suggest that anaerobic biosyn- 0.10 DJ901 (AsoxRS) + diamide 0.10 E. coli K-12 cells were grown as described in the legend to Fig. 1. thesis of MnSOD is regulated by at least one additional site, which can be affected by diamide.
Effects of Diamide and of 1,10-Phenanthroline on an arcA fur Double Mutant. Tardat and Touati (1) have utilized sodA-lacZ operon fusions to search for mutants that express sodA under anaerobic conditions. These studies revealed that simultaneous mutations in genes for two different global regulatory systems, fur and arc, are required for the anaerobic expression of sodA (1, 2) . The effect of these mutations on diamide-mediated induction of MnSOD was thus examined in an arcA fur mutant. As shown in Fig. 2 , the arcA fur mutant expressed the MnSOD polypeptide anaerobically, although it lacks detectable MnSOD activity (lanes 5). Diamide induced the MnSOD polypeptide and caused the appearance of active MnSOD in both the parental strain and the arcA fur mutant (lanes 2 and 6). Specifically, diamide resulted in an -8-fold induction of MnSOD polypeptide over the basal level found in the arcA fur mutant.
These results demonstrate that the effect of diamide is not dependent on fur or arcA and suggest the existence of an 1 7 .5% polyacrylamide gels and stained for SOD activity. Lanes: 1-4, GC4468; 5-8, QC1062 (arcA fur sodB); 1 and 5, no addition; 2 and 6, 0.5 mM diamide; 3 and 7, 0.1 mM 1,10-phenanthroline; 4 and 8, 0.1 mM 1,10-phenanthroline plus 0.5 mM diamide; 9 (A) 0.05 ,ug of purified E. coli MnSOD.
additional regulatory locus. Initial insight into the nature of such a site was provided by the finding that 1,10-phenanthroline also resulted in the anaerobic induction of MnSOD polypeptide and activity in the arcAfur mutant (Fig.  2, lanes 7 vs. lanes 5) . Tardat and Touati (1), utilizing a sodA-lacZ operon fusion, have previously noted the transcriptional effects of 1,10-phenanthroline on the arcA fur strain. In addition to effects at the transcriptional level, both diamide and 1,10-phenanthroline have effects at the maturational level (22) . The MnSOD polypeptide made under anaerobic conditions is inactive because of the insertion of iron into the nascent MnSOD polypeptide. Diamide, perhaps by affecting valence and subsequent availability of iron and/or manganese, and 1,10-phenanthroline, by chelation of iron, result in formation, under anaerobic conditions, of the active MnSOD (22) .
Effects of Diamide and of 1,10-Phenanthroline on an fnr Mutant. The anaerobic induction of MnSOD in the arcA fur mutant by diamide, coupled with the induction by 1,10-phenanthroline, suggested the possibility that another ironresponsive repressor protein was involved in the transcriptional control of sodA expression. Consistent with this hypothesis is the recent report by Hassan and Sun (2) that mutations in the fnr gene were found to affect aerobic and anaerobic expression of sodA-lacZ. FNR, the gene regulator of anaerobic respiratory genes of E. coli, is converted in vivo by 02 and by chelating agents to an inactive state (31, 32) . Conversely, incubation of metal-depleted bacteria with Fe2+ resulted in active FNR (31, 32) . The purified FNR protein contains a cysteine-rich N-terminal segment, which may form an iron-binding redox-sensing domain (33, 34) , and, when isolated in the presence of iron, contains -1 mol of iron per monomer (35) . We have found that the activity of nitrate reductase, an enzyme under control of the fnr regulon, is inhibited by =80% in the presence of 1,10-phenanthroline (data not shown), suggesting that this chelator can directly affect fnr function.
As shown in Fig. 3 , anfnr strain (RK5279) contains much less (but detectable at higher protein applications) MnSOD polypeptide anaerobically than the arcA fur strain but remained strongly inducible by diamide and weakly inducible by 1,10-phenanthroline (lanes [14] [15] [16] [17] induction of MnSOD by 1,10-phenanthroline involves another site(s) in addition tofnr, perhaps attributable to effects at the fur locus. To further define the existence of an additional regulatory site, the effects of diamide and metal chelators on anaerobic MnSOD biosynthesis were examined in a strain bearing simultaneous mutations in the arcA, fur, and fnr genes.
Anaerobic Expression of sodA in Differentfur arcA fnr and soxRS Mutants. Anaerobic production of the MnSOD polypeptide was examined in several mutant strains. As shown in Fig. 4 , the fur arcA fnr triple mutant contained higher levels ofMnSOD than thefur arcA orfnr strains. Diamide increased the level of MnSOD in all of these strains. It follows that the fur arcA fnr mutant is not fully derepressed with respect to the anaerobic expression of sodA and that an additional site(s) of action of diamide exists.
These results are in contrast to those previously reported (2), which have suggested that thefur arcAfnr mutant is fully derepressed for anaerobic sodA expression. This conclusion was based on the finding that sodA-lacZ expression in the anaerobically grown triple mutant was not further induced by 2,2'-dipyridyl (2). We have therefore reexamined the effect of metal chelators on MnSOD biosynthesis in the triple mutant. As shown in Fig. 5, 1 ,10-phenanthroline was more effective than 2,2'-dipyridyl in eliciting anaerobic production of the MnSOD polypeptide in both the triple mutant (lanes 7-9) and the parental strain (lanes 1-3) . No effect of these chelating agents on MnSOD biosynthesis could be discerned in a AsoxRS mutant (lanes 4-6), suggesting both that the inductive effect of chelating agents on the fur arcA fnr strain is exerted at the soxRS locus and that metal chelation activates soxRS anaerobically.
The soxRS locus consists of two divergently arranged genes, soxR and soxS (23, 36) . The predicted SoxR protein is homologous to the MerR family of proteins (23, 24) , which activate transcription of the mer operon in response to Hg2+ (37) . This sequence includes a cluster of cysteine residues, which bind Hg2+ in the case of MerR (38) and may bind Fe2+ in the case of SoxR. This site could respond to oxidation in either of two ways: (i) by direct oxidation of pairs of cysteine residues to disulfides, or (ii) by oxidation of the bound Fe2+ to Fe3+. The SoxR protein may not function as a transcriptional activator of soxS when it contains bound Fe2+; however, oxidation or chelation of bound iron, or oxidation of the cysteine residues, may convert SoxR into a transcriptional activator of soxS. Diamide could effect oxidation of the cysteine cluster of SoxR, while chelating agents would remove bound iron from the cluster, thus allowing anaerobic soxS expression.
Effects of Diamide and of 1,10-Phenanthroline on Expression of soxS. Both diamide and 1,10-phenanthroline result in polyacrylamide slab gel and electrophoresis was carried out at 25 mA per slab. Western blot analysis was performed as described (19) . Lanes: 1, 3, 5, and 7, no addition; 2, 4, 6, and 8, 0.5 mM diamide. (19) . Lanes: 1-3, GC4468 (wild type); 4-6, DJ901 (AsoxRS); 7-9, NC522 (fur arcA fnr); 1, 4, and 7, no addition; 2, 5, and 8, 0.1 mM 1,10-phenanthroline; 3, 6, and 9, 0.25 mM 2,2'-dipyridyl; 10, 0.05 ug of purified E. coli MnSOD. anaerobic induction of MnSOD and G6PD. The diamidemediated induction of G6PD and the chelator-mediated induction of MnSOD and G6PD are dependent on an intact soxRS locus. To determine the effects of these agents on the soxRS locus, we used a strain of E. coli constructed by lysogenization of the lac deletion mutant GC4468 with A prophages bearing the AsoxRsoxS'::lacZ fusion (24) , thus allowing the expression of 3galactosidase to serve as a measure of soxS transcription. As shown in Fig. 6 , diamide resulted in a 6-fold anaerobic induction of soxS, while 1,10-phenanthroline resulted in an -2-fold induction. The tration (1, 4) , Arc and FNR couple it to respiration and cellular redox state (1, 2), while Sox couples it to intracellular superoxide concentration (5, 6) or redox state (12) depending on MnSOD content and growth conditions of the cells. The iron in FNR and Fur appears to act as a sensor of the redox state of the cell. Thefnr gene product is produced under both aerobic and anaerobic conditions (39) , and reversible interconversion of the anaerobic (active) state to the aerobic (inactive) state has been demonstrated by the anaerobic addition of chelating agents (31, 33) . Thus, the valence state of iron or its availability can modulate the function of both Fur and FNR. SoxR may also be a redox sensor that utilizes iron, based on the observation that the chelator-mediated induction of MnSOD appears to be dependent on the soxRS locus. The four cysteines of SoxR may constitute a metal binding site, which could accommodate a redox active metal such as iron. In the reduced state, such a SoxR-Fe2+ complex may render SoxR inactive as a transcriptional activator. Oxidation of the cysteine residues to disulfides, oxidation of bound Fe2+, or removal of the iron by chelation may, in turn, allow activation of SoxR.
The anaerobic induction of MnSOD in a fur arcA fnr mutant by diamide or 1,10-phenanthroline suggests the existence of another mechanism(s) of anaerobic repression of sodA, which can be removed by oxidation or by iron chelation. Evidence for additional regulatory mechanisms is currently emerging. Integration host factor, a DNA-binding protein that induces a bend in the DNA at its target-binding site (40) , has been implicated in the regulation of sodA (41, t) . Further work will be required to determine whether integration host factor can be affected by diamide or by iron chelators. Additional studies also will be necessary to determine whether the induction of MnSOD in the fur arcA fnr mutant by diamide or 1,10-phenanthroline is mediated solely by the soxRS locus or through other, as yet undefined, sites. 
